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Sorting of secretory cargo and retrieval of compo-
nents of the biosynthetic pathway occur at the ¢rans-
Golgi network (TGN). The pH within the TGN is thought
to be an important determinant of these functions. How-
ever, studies of the magnitude and regulation of the pH
of the TGN have been hampered by the lack of appropri-
ate detection methods. This report describes a noninva-
sive strategy to measure the luminal pH of the TGN in
intact cells. We took advantage of endogenous cellular
mechanisms for the specific retrieval of TGN resident
proteins, such as TGN38 and furin, that transit briefly to
the plasma membrane. Cells were transfected with chi-
meric constructs that contained the internalization and
retrieval signals of TGN resident proteins, and a luminal
(extracellular) epitope (CD25). Like TGN38 and furin,
the chimeras were shown by fluorescence microscopy to
accumulate within the TGN. During their transient ex-
posure at the cell surface, the chimeras were labeled
with extracellular anti-CD25 antibodies conjugated
with a pH-sensitive fluorophore. Subsequent endocyto-
sis and retrograde transport resulted in preferential la-
beling of the TGN with the pH-sensitive probe. Contin-
uous, quantitative measurements of the pH of the TGN
were obtained by ratio fluorescence imaging. The rest-
ing pH, calibrated using either ionophores or the “null
point” technique, averaged 5.95 in Chinese hamster
ovary cells and 5.91 in HeLa cells. The acidification was
dissipated upon addition of concanamycin, a selective
blocker of vacuolar-type ATPases. The counterion con-
ductance was found to be much greater than the rate of
H* pumping at the steady state, suggesting that the
acidification is not limited by an electrogenic potential.
Both C1™ and K* were found to contribute to the overall
counterion permeability of the TGN. No evidence was
found for the presence of active Na*/H* or Ca?*/H* ex-
changers on the TGN membrane. In conclusion, selec-
tive retrieval of recombinant proteins can be exploited
to target ion-sensitive fluorescent probes to specific or-
ganelles. The technique provides real-time, noninvasive,
and quantitative determinations of the pH, allowing the
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study of pH regulation within the TGN in intact cells.
The acidic pH of the TGN reflects active H* pumping
into an organelle with a low intrinsic H* permeability
and a high conductance to monovalent ions.

The pH prevailing in the lumen of endomembrane compart-
ments is an important determinant of their function. The con-
centration of H" dictates the dissociation and degradation of
internalized ligands (1) and modulates the processing, trans-
port, and sorting of secreted proteins (2—4). Delivery of pH-
sensitive probes by pinocytosis or receptor-mediated internal-
ization has facilitated the study of the pH along the endocytic
pathway, revealing that the acidity of the lumen increases
progressively, from a pH of 6.5 to 6.0 in early and recycling
endosomes to 4.5 in lysosomes (5). Conversely, the pH inside
subcompartments of the secretory pathways is thought to be
highest in the endoplasmic reticulum, becoming more acidic as
the secretory products approach the plasma membrane. Secre-
tory granules can attain a pH as low as =~5.5 (6).

While the acidification is generally believed to be generated
by vacuolar-type (V)! ATPases, the mechanisms underlying the
differential pH of the individual compartments of the secretory
pathway are poorly understood. This is due largely to the
scarcity of appropriate methods for the determination of pH in
the lumen of defined secretory compartments in situ. Initial
studies used permeant weak bases that partition preferentially
in acidic organelles, where they can be fixed and detected by
immunogold (6, 7). This technique, however, is unable to pro-
vide dynamic measurements in living cells, necessary to assess
the mechanisms of pH regulation. More recently, a second
method was introduced that allows continuous measurement of
pH in the secretory pathway. This procedure is based on the
microinjection of size-fractionated liposomes (70 nm) that ap-
pear to fuse preferentially with the trans-Golgi cisternae (8, 9).
The usefulness of this method is restricted not only by its
technical complexity, but also by the fact that the pH-sensitive
fluorophores delivered via liposome fusion are not retained in
the trans-Golgi apparatus under physiological conditions, tend-
ing to move rapidly along the secretory pathway (8). A third
approach has been described recently, which exploits the bind-
ing and retrograde transport of bacterial toxins to target probes
to secretory organelles (10). Verotoxin was shown to accumu-
late and remain in the Golgi complex at physiological temper-
atures for a sufficient amount of time to permit adequate study
of the luminal pH. Nevertheless, the precise subcompartment

IThe abbreviations used are: V, vacuolar-type; CCCP, carbonyl
cyanide m-chlorophenylhydrazone; CHO, Chinese hamster ovary;
FITC, fluorescein isothiocyanate; TGN, trans-Golgi network; TMA,
trimethylamine.
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of the Golgi apparatus targeted by the toxin remains undefined
and it cannot be ruled out that verotoxin itself may influence
pH homeostasis, even though its cytotoxic A subunit was omit-
ted from the complex.

Within the secretory pathway, pH regulation is likely to be
most important in the trans-Golgi network (TGN), where sort-
ing of secretory cargo to different cellular destinations occurs.
pH-dependent retrieval of endoplasmic reticulum components
has also been shown to occur in the TGN (11). Despite its
importance, the regulation of the pH in the lumen of the TGN
has not been studied, due to the lack of available methods to
deliver to this compartment pH-sensitive reporter molecules
that are specifically targeted, well retained, and emit a contin-
uous and quantitative signal.

The purpose of the experiments described here was to de-
velop a strategy to measure the luminal pH of the TGN in
intact, living cells by noninvasive means and to explore the
determinants of acidification. We took advantage of endoge-
nous cellular mechanisms for the specific retrieval of TGN
resident proteins, such as TGN38 and furin, that transit briefly
to the plasma membrane (see Fig. 1 for schematic representa-
tion of the strategy). At steady state, over 90% of these proteins
is found in the TGN by virtue of a combination of retention and
retrieval mechanisms (12-18). TGN38 or furin molecules that
escape retention in the TGN are rapidly endocytosed and re-
trieved to the TGN. We reasoned that TGN proteins sojourning
at the cell surface could be used to ferry fluorescent, pH-
sensitive indicators back to the TGN, where they would accu-
mulate in sufficient numbers to provide a reliable signal that
could be detected by ratio imaging. This approach enabled us to
analyze in some detail the mechanisms underlying the home-
ostasis of pH within the TGN.

EXPERIMENTAL PROCEDURES

Materials—Texas Red-labeled transferrin, BODIPY-ceramide, vali-
nomycin, and nigericin were purchased from Molecular Probes (Eugene,
OR). Brefeldin A, ATP, CCCP, and monensin were from Sigma. Con-
canamycin was from Kamiya Biochemical. Streptolysin O was obtained
from Dr. S. Bhakdi (Johannes Gutenberg Universitat, Germany). FITC-
labeled monoclonal anti-CD25 antibody was from Serotec. Butyric acid
was from J. T. Baker and trimethylamine from Aldrich. All other
chemicals were of analytical grade and were obtained from Fisher.
Anti-calnexin antibody was the kind gift of Dr. D. Williams (University
of Toronto, Canada). Antibody to a-mannosidase II was the kind gift of
Dr. M. Farquhar (University of California at San Diego, CA). Cy3-
labeled donkey anti-rabbit antibody was from Jackson Immunoresearch
Labs. Chinese hamster ovary cells and HeLa cells were from the Amer-
ican Type Culture Collection (Rockville, MD).

Solutions—The Na™-rich solution contained (in mm): NaCl 140, KC1
5, MgCl, 1, CaCl,, 1, glucose 5, and Hepes 20, titrated to pH 7.3 at 37 °C.
The permeabilization medium contained (in mm) K-glutamate 90, KC1
50, NaCl 10, MgCl, 1, CaCl, 2, EGTA 4, K,HPO, 2, and HEPES 20,
titrated to pH 7.0 at 37 °C. When indicated, Cl~ was replaced iso-
osmotically with glutamate , and K* was replaced with the appropriate
salt of Na™ or N-methyl-D-glucammonium+.

Cells—Chinese hamster ovary cells were transfected with a plasmid
encoding a chimeric protein composed of the extracellular domain of
CD25 and the transmembrane and cytoplasmic domains of rat TGN38
(CD25-TGN38 construct). Details of the DNA recombination procedures
used to generate this construct can be found in Humphrey et al. (13). To
select stable transfectants, cells plated on 12-well plates were co-trans-
fected with 15 ug of CD25-TGN38 and 5 pg of pcDNAS3 (to confer
resistance to geneticin) by the calcium phosphate precipitation method.
Cells were incubated in culture medium for 24 h before selection of
stable expressors. Cells expressing CD25-TGN38 stably were selected
by incubation for 14 days in medium containing 0.25 mg/ml geneticin
(G418; Life Technologies, Inc., Burlington, Ontario, Canada). Clonal
lines were selected and expanded in medium fortified with 0.1 mg/ml
G418. Expression of the chimeric protein was assessed by staining fixed
and permeabilized cells with fluorescein-coupled rat anti-CD25 anti-
body, as detailed below.

HeLa cells were transfected transiently with plasmids encoding ei-
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ther CD25-TGN38 or a chimeric protein composed of the extracellular
domain of CD25 and the transmembrane and cytoplasmic domains of
furin (CD25-furin construct). Details of the construction of CD25-furin
can be found in (15). The transfected cells were grown in a-minimal
essential medium (Ontario Cancer Institute, Toronto) supplemented
with 10% fetal calf serum and 1% antibiotic solution (penicillin and
streptomycin, Life Technologies, Inc.). For immunofluorescence or video
imaging, the cells were plated on glass coverslips for 24—48 h before the
experiment.

Epifluorescence and Confocal Microscopy—Cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and incu-
bated for 1 h with either 1:200 anti-calnexin antibody or 1:500 anti-a-
mannosidase II antibody, and then for 1 h with 1:1500 Cy3-labeled
donkey anti-rabbit antibody. Images were acquired on a Leica TCS 4D
laser confocal microscope, using a 63X objective and fluorescein or
rhodamine filter combinations. Digital images were assembled and
labeled using Adobe Photoshop (Adobe Systems Inc.) and Microsoft
PowerPoint software.

To stain the TGN, cells were incubated with 20 pug/ml BODIPY-
ceramide for 20 min at 37 °C, washed, chased in phosphate-buffered
saline for 20 min at 37 °C, and immediately visualized using a Leica
DM-IRB microscope equipped with a Micromax cooled charge-coupled
device camera (Princeton Instruments, Trenton, NJ), operated from a
Dell computer using Winview software (Princeton Instruments). Recy-
cling endosomes were visualized using the same system, after allowing
internalization of Texas Red-labeled transferrin (20 ug/ml) for 30-45
min at 37 °C.

pH Imaging—Ratio fluorescence imaging was performed on a Zeiss
Axiovert 100 TV inverted microscope (Zeiss, Germany) using a
NeoFluar 63%/1.25 numerical aperture objective, as described previ-
ously (19). Fluorescence image pairs at 490 and 440 nm excitation were
captured at 120-s intervals using 300-ms exposure and 4 X 4 pixel
binning to increase sensitivity.

Image Processing—The 490 and 440 nm fluorescence images were
corrected for shading to compensate for uneven illumination, the back-
ground was subtracted, and a threshold of 5 times the value of the
background noise (root mean square) was applied before obtaining a
pixel-by-pixel ratio of the two images. Subthreshold pixels were neither
displayed nor used for subsequent analysis, to prevent artifacts caused
by ratioing near-zero values. The resulting ratio images were displayed
on-line, and regions of interest encompassing the TGN structures were
defined. The averaged ratio values of the regions of interest were
calculated and plotted to follow the kinetics of the pH changes through-
out an experimental period.

Calibration—Two independent methods of calibration were used. At
the end of each experiment, a calibration curve of fluorescence ratio
versus pH was obtained in situ by sequential perfusion with KCl-rich
medium containing 5 ug/ml nigericin plus 5 uM monensin, buffered at
four different pH values, according to Thomas et al. (20). This calibra-
tion procedure was validated by the null point method (21) using solu-
tions containing varying ratios of butyric acid and trimethylamine
(TMA), plus 50 mm NaCl and 20 mm HEPES, pH 7.2. The concentra-
tions of butyric acid and TMA (in mM) and the calculated null pH were:
40/40 (pH = 6.3), 73/7.3 (pH = 5.8), and 80/0.8 (pH 5.3).

Data Analysis and Statistics—Quantification of cell-associated fluo-
rescence was performed using the Metamorph/Metafluor package (Uni-
versal Imaging, West Chester, PA). Data were graphed using the Origin
software (MicroCal Software Inc., Northampton, MA) and are shown as
means * 1 S.E.

RESULTS

Strategy—As described in the Introduction, the retrograde
transport of TGN-resident proteins was harnessed to target
fluorescent, pH-sensitive probes to the lumen of the TGN (Fig.
1). The probe of choice was fluorescein, which has a high
quantum yield and a pK, of ~6.5, providing optimal sensitivity
in the mildly acidic pH range expected for secretory organelles.
Our strategy involved binding of fluoresceinated antibodies to
the extracellular (luminal) domain of TGN-localized proteins
during their transient exposure at the surface membrane. To
facilitate delivery of fluoresceinated antibodies to the TGN, we
generated chimeric proteins that retain the transmembrane
and cytosolic regions of TGN38 or furin, including the determi-
nants of TGN targeting, but replaced the extracellular domain
by that of CD25, the a-chain of the interleukin-2 receptor (Fig.
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Fic. 1. Targeting probes to the TGN. A, the targeting chimeric
protein was constructed by attaching the ectodomain of CD25 to the
transmembrane and cytosolic domains of TGN38. CD25 is recognized
by an FITC-labeled monoclonal antibody. The fluorescein moiety serves
as a probe for intracellular pH measurements. B, transfected cells
express the chimeric protein predominantly in the TGN (7). Cycling of
the protein between the TGN and the plasma membrane (2) exposes the
CD25 epitope extracellularly and allows binding of the fluorescent
antibody (3). Retrograde transport of the tagged protein (4) results in
the eventual accumulation of fluorophore in the TGN (5) providing a
means to selectively measure the pH of this compartment.

1A). This protein was chosen because of the availability of
highly specific, fluoresceinated monoclonal antibodies. Such
chimeric proteins had been shown earlier to accumulate in the
TGN and recycle via the plasma membrane (Fig. 1B) in a
manner similar to the endogenous TGN-resident proteins (13,
15, 17, 18). We therefore anticipated that incubation of live
cells expressing the chimeras with anti-CD25 antibodies would
result in gradual accumulation of the pH-sensitive moiety,
fluorescein, in the TGN (Fig. 1B).

Subcellular Distribution of the Chimeric Constructs—Chi-
nese hamster ovary cells were transfected stably with the
CD25-TGN38 construct and incubated overnight with the flu-
orescein-conjugated anti-CD25 antibody at 37 °C. The localiza-
tion of the internalized antibody was evaluated by fluorescence
microscopy. As shown in Fig. 2, B, D, and F, the anti-CD25
antibodies accumulated in a juxtanuclear structure, with a
minor fraction distributing more peripherally in small vesicu-
lar structures. Dual labeling indicated that the site of accumu-
lation of the chimeric proteins is not the endoplasmic reticu-
lum, identified using anti-calnexin antibodies (not illustrated).
The juxtanuclear structures containing the CD25 antibody
were in the vicinity of, but distinct from recycling endosomes,

Regulation of Golgi pH

Fic. 2. Immunolocalization of the internalized CD25-TGN 38
chimera in stable transfectants. CHO cells were stably transfected
with the CD25-TGN38 construct and allowed to internalize the FITC-
labeled anti-CD25 antibody overnight. A, staining of recycling endo-
somes with Texas Red-conjugated transferrin; B, distribution of the
CD25-TGN38 chimera in the same cells shown in A, as visualized using
anti-CD25 antibody; C, staining of the Golgi cisternae with anti-a-
mannosidase I antibodies; D, distribution of the CD25-TGN38 chimera
in the same cells shown in C; E, staining of the TGN with BODIPY-
ceramide; F, distribution of the CD25-TGN38 chimera in the same cells
shown in E; G, staining of the TGN with BODIPY-ceramide in cells
pretreated with 5 pug/ml brefeldin A for 2 h at 37 °C; H, distribution of
the CD25-TGN38 chimera in the same cells shown in E. Images are
representative of at least three experiments of each type. C and D are
confocal images. All others are epifluorescence images captured with a
cooled charge-coupled device camera, as described under “Experimental
Procedures.”

labeled by a 30—45-min incubation with Texas Red-conjugated
transferrin (Fig. 2, A and B). Similarly, the CD25-TGN38 chi-
mera was found to localize in a compartment that was closely
apposed, but distinguishable from the medial Golgi cisternae,
revealed by anti-a-mannosidase II antibodies (cf. Fig. 2, C and
D). Instead, the chimeric protein was found to co-localize pre-
cisely with a fluorescent ceramide derivative (Fig. 2, E and F),
known to accumulate in the TGN (22). That the chimera is
located in the TGN and not the Golgi cisternae is also sug-
gested by experiments using brefeldin A. This fungal metabo-
lite is known to promote retrograde fusion of the cisternae with
the endoplasmic reticulum, while inducing the collapse of the
TGN into a tight tubulovesicular complex (23, 24). As shown in
Fig. 2H, the fluorescence of the anti-CD25 antibody did not
disperse to a reticular pattern but instead coalesced into a
juxtanuclear complex, as did the ceramide derivative (Fig. 2G).
Taken together, these findings strongly suggest that the CD25
antibody is concentrated in the TGN, validating the use of
retrograde transport to deliver pH-sensitive probes to this
organelle.

pH Calibration—Fig. 3A demonstrates that the fluorescence
of the internalized antibody is sensitive to the surrounding pH.
The pH of the lumen was manipulated by addition of the
cation/H™ exchange ionophores nigericin and monensin, while
bathing the cells in K" -rich media of varying pH. Fluorescence
images were captured sequentially with excitation at 490 and
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Fic. 3. In situ pH measurements and calibration. A, dependence
of the fluorescence ratio on pH. The TGN was labeled with anti-CD25
antibodies as described in Fig. 1 and the pH was clamped using K*-
based solutions containing the ionophores nigericin and monensin. The
excitation ratio (490/440 nm) of the FITC fluorescence emitted by the
juxtanuclear structures was plotted against the pH of the calibration
media. B, fluorescence ratio was measured dynamically during sequen-
tial perfusion with Na*-based solutions containing varying concentra-
tions of butyrate (but) and TMA. The pH at which each combination is
predicted to equilibrate is indicated in the lower bar. Where indicated,
monensin (mon) and nigericin (nig) were added in K*-rich media of the
indicated extracellular pH (pH,; middle bar). Data are means = S.E. of
eight cells from a typical experiment out of four. C, the pH of the TGN
was measured in cells bathed in Na'-rich solution. Where indicated,
concanamycin (50 nM) and NH,Cl (10 mMm) were added to the solution.
Data are means = S.E. of four cells from a typical experiment out of
four.

440 nm under each condition, and individual TGN structures
were outlined on the ratio image. As illustrated in Fig. 3A, the
490/440 nm fluorescence ratio varies markedly with pH in the
range of 5.5 to 7.5. The behavior of the dye in situ was indis-
tinguishable from that observed in vitro (not shown), implying
that its fluorescence properties were not affected by the micro-
environment of the TGN. If one assumes that in the presence of
the ionophores the pH of the TGN becomes identical to that of
the extracellular medium (20), this approach can be used to
provide an absolute calibration of the pH of the TGN in the
steady state (Fig. 3B). In 110 cells, the resting pH of the TGN
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was estimated to be 5.95 = 0.03 (mean * S.E.; range, ~5.7—6.4)
using the ionophore calibration procedure.

Calibration using exchange ionophores rests on the assump-
tion that the monovalent cation activity inside the TGN is
comparable to that in the surrounding medium and that the
amounts of cations transported during the transitions between
pH values affect their concentration negligibly. Departures
from these assumptions would produce systematic errors in the
calibration, as has been recently shown to occur in measure-
ments of the cytosolic pH (25). Because the ionic composition of
the TGN has not been well defined, we implemented a second
calibration procedure, which is independent of the transport of
Na* and K*. This approach uses varying ratios of weak acids
and bases to search for a null point where the rates of proto-
nation/deprotonation of the permeant species of the weak elec-
trolytes are identical. For a given combination of acid and base,
the null point is strictly a function of the luminal pH of the
compartment under investigation (21). The cells were therefore
sequentially perfused with solutions containing varying con-
centrations of butyrate and TMA, while keeping the osmolarity
and the extracellular pH constant (see “Experimental Proce-
dures”). The ratio of fluorescence in the TGN was measured
throughout, to detect the null point pH (Fig. 3B). Acid/base
combinations expected to equilibrate at pH of 5.3 and 6.3 in-
duced departures of the ratio in the acidic and alkaline direc-
tion, respectively, suggesting that the TGN has an intermedi-
ate pH. Accordingly, exposure to a solution with predicted
equilibrium at pH of 5.8 had virtually no effect on the fluores-
cence ratio and thus approximated the null point (Fig. 3B). This
value corresponded well to the value obtained by subsequent
calibration of the same cells with nigericin/monensin (Fig. 3B).
A good correspondence between the two methods was obtained
in three separate experiments, thus validating the calibration
with ionophores.

It was important to ascertain that the results obtained with
stably transfected CHO cells were not unique to the clone
selected or to the chimeric construct used to target the TGN. To
obtain independent measurements of the pH of the TGN, we
therefore used a second cell line and compared two different
constructs. HeLa cells were transiently transfected with either
the CD25-TGN38 chimera or with an analogous CD25-furin
construct, using the calcium phosphate precipitation method.
Typical results are shown in Fig. 4. The distribution of the
chimeras within the cells was more heterogeneous in the tran-
sient transfectants than in the stable CHO clones. In addition
to juxtanuclear accumulation close to the Golgi cisternae (cf.
Fig. 4, A and B), cells showing the highest level of expression
displayed also more disperse punctate fluorescence throughout
the cell. Delocalization associated with overexpression of TGN
resident proteins had been reported earlier (13, 26) and likely
reflects saturation of the receptors that target the chimeras to
the TGN. Despite the occurrence of occasional delocalization,
the pH of the juxtanuclear fluorophore could be studied in
isolation either by studying preferentially cells with moderate
levels of expression, where targeting was specific, and/or by
defining “regions of interest” within the cell that encompassed
only the site of pericentriolar fluorescence, using the Metafluor
software. As in the case of CHO cells, the TGN of HeLa cells
was acidic and was dissipated by addition of weak bases (Fig.
4C). In 38 determinations, the pH of the TGN in HeLa cells
averaged 5.91 * 0.05. Results obtained using the TGN38 and
furin chimeras were indistinguishable.

Evidence for Vacuolar ATPase Activity in the TGN—In other
compartments of the secretory pathway, luminal acidification
is due primarily to H" pumping by ATPases (3, 27). A similar
mechanism appears to be at work in the TGN. As shown in
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Fic. 4. Distribution of CD25-TGN38 and pH measurements in
HeLa cells. HeLa cells were transiently transfected with the CD25-
TGN38 construct, grown on glass coverslips for 48 h, and incubated
overnight with anti-CD25 antibody. A, confocal image showing immu-
nolocalization of a-mannosidase II in HeLa cells. B, localization of
CD25-TGN38 in the same cells shown in A. C, the pH of the TGN of
HeLa cells was measured as in Fig. 3. Where indicated, 15 mm NH,C1
was added to the medium; D, effect of concanamycin (50 nm) on the
steady-state pH of the TGN of transiently transfected HeLa cells.
Traces in C and D are representative of four experiments.

Figs. 3C and 4D, the steady state acidification of the TGN is
dissipated upon addition of concanamycin, a potent and specific
inhibitor of V-ATPases (28). Similar results were obtained us-
ing another V-ATPase inhibitor, namely bafilomycin A; (not
illustrated). These agents did not alter the morphology (not
shown) or compromise the integrity of the TGN, as indicated by
the alkalinization induced by the subsequent addition of am-
monium (Fig. 3C). These findings indicate that maintenance of
the acidic pH of the TGN requires continuous H" pumping, to
offset the sizable “leak” that is manifested upon addition of
concanamycin.

Because the behavior of transfected HeLa and CHO cells was
similar and considering the tighter pericentriolar localization
of the label in the latter cells, all subsequent experiments were
performed with the stably transfected CHO cells.

Passive H" Permeability—Dissipation of the pH gradient
upon addition of concanamycin occurred relatively slowly, re-
quiring over 10 min to reach completion (Fig. 3C). This could be
the result of a limited permeability to H" (equivalents) or of a
low counterion conductance. These alternatives could be re-
solved using the H " -specific ionophore CCCP. If the movement
of counterions restricts the rate of H* efflux, further increasing
the H* conductance by adding the protonophore is expected to
have little effect on the rate of pH change. As illustrated in Fig.
5, addition of CCCP yielded a very rapid alkalinization that
equilibrated within 3 min. Notice that, unlike Fig. 3C, the pH
dissipation induced by the protonophore occurred in the ab-
sence of concanamycin. The presence of active pumps may
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Fic. 5. Effects of ionophores on the pH of the TGN. A, the pH of
the TGN was measured in CHO cells bathed in Na*-rich solution, as in
Fig. 3C. Where indicated, 2 um CCCP was added to the bathing me-
dium. Data are means = S.E. of 11 cells from a typical experiment out
of three. B, the pH of the TGN of CHO cells was measured as above.
Where indicated, valinomycin (1 uMm) and CCCP (2 um) were added

sequentially to the solution. Data are means = S.E. of 13 cells from a
typical experiment out of three.

account for the slightly acidic pH attained in the steady state.

These observations imply that the endogenous H™ perme-
ability limits the rate of dissipation and that the counterion
conductance is high. In accordance with this conclusion, addi-
tion of the K" ionophore valinomycin had little effect on the
resting pH of the TGN and only marginally increased the rate
of CCCP-induced dissipation (Fig. 5B). The failure of valino-
mycin to alter the resting pH also suggests that the rate of H"
pumping is not limited by the movement of counterions.? Be-
cause similar observations were made increasing H* perme-
ability with FCCP and dinitrophenol (not illustrated), it is
unlikely that the counterion conductance is increased by the
protonophores themselves.

Characterization of Counterion Permeability—The experi-
ments using ionophores led to the conclusion that the move-
ment of charge compensating ions does not limit the pumping
or leakage of H". This conclusion is unexpected, since it had
been proposed that the differential pH of individual compart-
ments of the secretory pathway was attributable to their lim-
ited counterion conductance (29). The nature of the pathways
mediating the large counterion permeability of the TGN and
their role in the establishment of the acidification was investi-
gated next. This required rapid and thorough substitution of

2 This tentative conclusion is based on the assumption that the K*
concentration of the TGN is high. This assumption is likely valid (Fig.
3B). Moreover, following dissipation of the luminal acidification with
CCCP, addition of valinomycin had no detectable effect on the pH (not
illustrated). Because the TGN pH equilibrated near the cytosolic pH,
this suggests that the luminal and cytosolic concentrations of K* are
very similar.
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Fic. 6. Acidification of the TGN is ATP-dependent and con-
canamycin-sensitive. The TGN of CHO cells was stained with FITC-
labeled anti-CD25, as described in Fig. 1. The cells were then bathed in
K" -glutamate-based solution devoid of exogenous ATP and, where in-
dicated, the plasma membrane was permeabilized with streptolysin O
(SLO) (0.5 pg/ml). A, where indicated 4 mm ATP was reintroduced to
the bathing medium and then withdrawn again. Data are means = S.E.
of six cells from a typical experiment out of four. B, where noted, the
cells were treated with 50 nM concanamycin and then ATP (4 mMm) was
reintroduced. Data are means = S.E. of five cells from a typical exper-
iment out of four.

the ionic composition of the milieu bathing the TGN, i.e. the
cytosol. To this end, we implemented a system where the plas-
malemma was selectively permeabilized with streptolysin O,
under conditions where the TGN membrane remained intact.
Effective permeabilization of the plasmalemma by streptolysin
O was demonstrated by staining of the cells with trypan blue
and propidium iodide (not shown) and by the sudden alkalin-
ization of the TGN observed when permeabilization took place
in media devoid of ATP (Fig. 6A). The dissipation of the pH
gradient was due to washout of cytosolic ATP and not to dam-
age of the TGN membrane, since re-introduction of exogenous
ATP (4 mm) induced the rapid restoration of the original, acidic
pH (Fig. 6A). The very rapid re-acidification of the TGN was
mediated by the V-ATPase, since it was virtually eliminated by
pretreatment with concanamycin, a poorly reversible inhibitor
(Fig. 6B).

Measurement of the acidification induced by re-addition of
ATP to permeabilized cells provided a convenient procedure to
study the charge-compensating mechanism. Under such condi-
tions, substantial movement of counterions must occur to neu-
tralize the high rate of H" translocation. Therefore, systematic
replacement of the major ions in the permeabilization medium
by impermeant substituents was performed to define their
contribution to charge neutralization. As shown in Fig. 7A,
substitution of K* and Cl~ by larger, purportedly impermeant
ions (N-methyl-D-glucammonium™ and glutamate™) markedly
reduced the rate of H* pumping. The steady state pH attained
under these conditions was also less acidic than in the presence

2049
A

[ ATP-free [ amMATP |

SLO ]

6.6+

6.4-

6.0+

58

T T T T T

0 5 10 15 20
Time (min)

ApH O
ApH /min [

K-glutamate K-glutamate NMG-glutamate

64 mMCl- Clfree Cl-free

FiG. 7. Assessment of counterion conductance. A, the TGN of
CHO cells was stained with FITC-labeled anti-CD25, as described in
Fig. 1. The cells were then bathed in Cl -free, N-methyl-D-glucammo-
nium glutamate-based solution devoid of exogenous ATP and, where
indicated, the plasma membrane was permeabilized with streptolysin O
(0.5 pug/ml). Finally, ATP (4 mM) was re-added. Data are means = S.E.
of four cells from a typical experiment out of four. B, summary of studies
such as that illustrated in A, using permeabilization media of varying
composition. Leftmost bars: K'-glutamate medium containing CI .
Middle bars, Cl1™-free K" -glutamate solution. Rightmost bars, Cl™ -free
N-methyl-D-glucammonium (NMG) glutamate. The maximal ApH at-
tained upon reintroduction of ATP is shown by open bars. The maximal
rate of acidification recorded upon addition of ATP is shown by the
stippled bars. Data are means = S.E. of four experiments.

of K" and C1~ (Fig. 7B). Replacement of C1~, while maintaining
a normal concentration of K*, reduced the rate of acidification
by nearly 50%, but did not affect the final steady-state pH (Fig.
7B). Thus, K* can sustain full acidification of the TGN in the
nominal absence of Cl1~, though at reduced rates. Replacement
of cytosolic K™ by NMG™ likely leads to depletion of luminal
K™, accounting for the observed inhibition. We conclude that
both influx of anions and efflux of cations from the TGN can
compensate for the net charge translocated inward by the V-
ATPase. It must be borne in mind, however, that inorganic
anions have been reported to exert allosteric effects on the
ATPase (30). We therefore cannot rule out that this effect
contributes to the inhibition observed upon ClI™ removal.
Assessment of the Presence of Na*/H * and Ca®"/H"* Ex-
changers—Plasma membrane H™ transporters such as the
ubiquitous Na®/H" exchanger transit through the Golgi en
route to their final destination. It is not clear whether during
biosynthetic transit they are functional and capable of mediat-
ing significant H* fluxes across the membrane of the TGN.
Na*/H"* exchange in mammalian cells is electroneutral and
bidirectional, and elevation of the cytosolic Na* would tend to
dissipate the acidic pH of organelles by driving the efflux of
luminal H*. To test for the presence of Na™/H™" exchange, we
measured the pH of the TGN in cells permeabilized with strep-
tolysin O and varied the concentration of Na* in the medium
(Fig. 8). Using K", the main cationic constituent of normal
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Fic. 8. Effect of increased cytosolic Na* and Ca®* on the pH of
the TGN. The TGN of CHO cells was stained with FITC-labeled anti-
CD25, as in Fig. 1. The cells were then bathed in K*-glutamate-based
solution with Cl™ in the presence of ATP/Mg and the plasma membrane
was permeabilized with streptolysin O (0.5 pg/ml). Traces start after
permeabilization was completed. A, where indicated, 50 nM concanamy-
cin was added; B, permeabilized cells were initially perfused with
normal K*-glutamate medium. Where indicated, the medium was re-
placed by a Na*-rich glutamate medium. Finally, concanamycin was
added. Data are means * S.E. of five cells from a typical experiment out
of three. C, permeabilized cells were initially perfused with normal
K*-glutamate medium, which contains ~0.1 uMm free calcium. Where
indicated, the concentration of free calcium was raised to 1 mM. Finally,
concanamycin was added. Data are means * S.E. of three cells from a
typical experiment out of three.

cytosol, as the major cation in the permeabilization medium,
we found the resting pH of the TGN to be sustained and
comparable to that of intact cells, provided ATP/Mg was pres-
ent throughout (Fig. 84). As expected, the transmembrane pH
gradient was rapidly dissipated by concanamycin. Replace-
ment of cytosolic K™ by Na™ induced a very slight alkaliniza-
tion of the resting pH of the TGN (Fig. 8B), suggesting that
Na*/H* exchange activity is minute. We considered the possi-
bility that concomitant activation of the V-ATPase would offset
the H* efflux mediated by Na*/H* exchange. This possibility
was not substantiated experimentally, since the rates of con-
canamycin-induced dissipation were comparable in K'-rich
and Na™-rich cytosolic media (cf. Fig. 8, A and B). Jointly, these
observations imply that Na*/H" exchange does not contribute
importantly to transmembrane H* fluxes in the TGN.

Regulation of Golgi pH

Ca2?'/H" exchange is known to operate across the inner
mitochondrial membrane in mammalian cells. In addition,
Ca?*/H" exchangers have been described in yeast vacuoles (31)
and in the acidic organelles of trypanosoma (32). To assess the
presence of this exchanger in the TGN membrane, the concen-
tration of Ca®" in the permeabilization solution was rapidly
stepped up from its basal level of 0.1 um to 1 mm. As shown in
Fig. 8C, this maneuver had little effect on either the resting pH
or on the rate of concanamycin-induced dissipation. Thus, un-
der the conditions of our experiments, Ca®*/H"* exchange ac-
tivity was not detectable in the TGN membrane.

DISCUSSION

We describe here a convenient method to measure the pH of
the TGN in intact cells, using an endogenous retrograde path-
way to transport specifically to this organelle recombinant
proteins tagged with ion-sensitive fluorescent probes. This
technique provides real time, noninvasive, and quantitative
determinations of the pH of the TGN, allowing physiological
measurements in living cells. It represents an improvement
over previous methods for the measurement of pH in the se-
cretory pathway in at least two respects. Unlike the liposome
fusion and toxin internalization methods, the probe is targeted
to a single, well defined subcompartment of the Golgi complex,
namely the TGN. Second, following equilibration with the la-
beled antibody, the location of the probe remains constant for
very extended periods under physiological conditions. Fluid
phase probes delivered via liposomes move rapidly forward
along the secretory pathway (8, 9), whereas verotoxin gradu-
ally moves retrogradely (10), ultimately reaching the endoplas-
mic reticulum.

The preferential accumulation of the probe in the TGN was
confirmed by dual labeling with specific organellar markers,
and ratio imaging was used to obtain quantitative pH meas-
urements, which were calibrated in situ by two independent
methods. Using this technique, the resting TGN pH averaged
5.95 in CHO cells and 5.91 in HeLa cells. These values are
significantly more acidic than those reported for the Golgi
cisternae by Seksek et al. (8, 9) and by Kim et al. (10), which
ranged between ~6.2 and 6.6. This observation is consistent
with earlier electron microscopic measurements using 3-(2,4-
dinitroanilino)-3’-amino-N-methyldipropylamine, showing
that the distal subcompartments of the Golgi complex become
progressively more acidic (6). A low pH in the lumen of the TGN
is thought to be important to promote coupling of KDEL-con-
taining proteins with their receptors, for sorting of cargo to
different destinations, in part by local segregation of glycolipid
rafts, and for other functions.

The differential pH of individual subcellular compartments
has been attributed to varying counterion permeability (29).
This hypothesis implies that, at the steady state, pumping by
V-ATPases is at or very near thermodynamic equilibrium and
that the sum of the chemical and electrical components to the
proton-motive force dictate the pH. This condition is unlikely to
apply to the TGN, since reducing the electrical component by
addition of conductive ionophores had no discernible effect on
pH. Moreover, the comparatively rapid dissipation of pH upon
addition of concanamycin implies that a sizable H" leak exists,
which likely prevents the pump from approaching thermody-
namic equilibrium. Finally, the accelerated dissipation induced
by CCCP implies that the conductance of the charge-compen-
sating ions is greater than that of the endogenous leak, which
at steady state must be identical to the rate of pumping. For
these reasons, we feel that the counterion conductance is not
likely to be a defining factor of the pH of the TGN.

Alternatively, the number or kinetic properties of the V-
ATPases in different compartments could account for their
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unique pH. Two distinct isoforms of the 100-kDa subunit have
been reported to co-exist in different organelles in yeast (33,
34). In addition, isoforms of some of the subunits have been
described in different animal tissues (e.g. see Ref. 35). How-
ever, there are, to our knowledge, no reports of differential
distribution of isoenzymes among endomembrane compart-
ments of a single mammalian cell. Therefore, differences in the
abundance of pumps or of the leak pathways that counteract
their effects are, at present, the most likely explanation for the
heterogeneity of the pH of individual subcompartments of the
Golgi apparatus. In this regard it is noteworthy that the rate of
pH dissipation following inhibition of the pump was greater in
the Golgi cisternae (10) than found here for the TGN (e.g. Fig.
3), correlating well with the greater acidity of the latter
compartment.

The nature of the leak pathways remains undefined. We
ruled out a significant contribution by Na*/H" or CaZ*/H"*
exchangers like those described in the plasma membrane and
in other organelles. Moreover, our experiments were carried
out in nominally HCOj -free media, so that exchange of C1™ for
HCOj is also unlikely. Other possibilities include H™ antiports
or symports intended to drive the uptake of substrates or the
export of metabolites, respectively, or proton conductive “chan-
nels” like those described in the plasma membrane of some
specialized cells (36, 37). Regardless of their precise identity,
the H efflux pathways of intracellular organelles may be an
important determinant of their steady state pH and therefore
of their functional properties.
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